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responsibility ofAbstract Cu(In,Ga)Se2 (CIGS) thin ﬁlms were prepared by directly sputtering Cu(In,Ga)Se2
quaternary target consisting of Cu:In:Ga:Se¼25:17.5:7.5:50 at%. The composition and structure of
CIGS layers have been investigated after annealing at 550 1C under vacuum and a Se-containing
atmosphere. The results show that recrystallization of the CIGS thin ﬁlm occurs and a chalcopyrite
structure with a preferred orientation in the (112) direction was obtained. The CIGS thin ﬁlm
annealed under vacuum exhibits a loss of a portion of Se, while the ﬁlm annealed under
Se-containing atmosphere reveals compensation of Se. Several solar cells with three different
absorber thicknesses were fabricated using a soda lime glass/Mo/CIGS/CdS/i-ZnO/ZnO:Al/Al grid
stack structure. The highest conversion efﬁciency of 9.65% with an open circuit voltage of
452.42 mV, short circuit current density of 32.16 mA cm2 and ﬁll factor of 66.32% was obtained
on a 0.755 cm2 cell area.
& 2013 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
CuInSe2-based solar cells have received considerable attention
as very promising photovoltaic materials for both scientiﬁcesearch Society. Production and ho
.006
2773925; fax:þ86 10 62770190.
a.edu.cn (D.-M. Zhuang).
Chinese Materials Researchfundamental research and scale-up production, due to both
high performance and possibility of a low-cost production
[1–4]. The Cu(In,Ga)Se2 (CIGS) absorber band-gap could
vary from 1.0 eV (CuInSe2) to 1.7 eV (CuGaSe2) by partly
substituting indium for gallium, and incorporation of gallium
has proven to be among the most effective ways to improve
the efﬁciency. Various processing techniques, which include
co-evaporation [5,6], selenization of metallic precursor [7,8],
and electrodeposition [9,10], have been used for preparation of
the high quality CIGS thin ﬁlms. The record-breaking efﬁ-
ciency of 20.3% has already been achieved for small-area cells
(o0.5 cm2) by the so-called three-stage co-evaporation [11].
However, multi-source evaporation, which has drawbackssting by Elsevier B.V. All rights reserved.
J. Liu et al.134such as complexity in process, high production costs and
difﬁculties in scaling up, has been seen to date as a laboratory-
scale production technique [12–14]. Another process which has
been widely studied is the selenization of metal precursors,
which involves deposition of Cu–In–Ga metallic precursors in
the ﬁrst step followed by their selenization using H2Se gas or
Se vapor [15]. It was found that In-rich or Cu-rich phases in
the sputtered metallic precursors easily resulted in rough
morphologies of the CIGS layers [16–18].
In this paper, we reveal a sputtering process from a CIGS
quaternary target, which is still rarely reported. The as-
sputtered CIGS ﬁlm was considered to have had a chalcopyr-
ite structure, but needed an annealing process to improve its
grain size. This paper investigates the composition and
structure of CIGS layers after annealing at 550 1C under
vacuum and a Se-containing atmosphere. The device-quality
CIGS absorber with Se/(CuþInþGa) ratio 41 was ﬁnally
obtained. The better conversion efﬁciencies were over 9%.20 30 40 50 60 70 80
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Fig. 1 XRD patterns of CIGS thin ﬁlms: (a) as-sputtered ﬁlm,
(b) annealed ﬁlm under vacuum, and (c) annealed ﬁlm under Se-
containing atmosphere.2. Experimental
First, a single-phase quaternary CIGS target consisting of
Cu:In:Ga:Se¼25:17.5:7.5:50 at% was obtained. The size of
the target is 360 mm 80 mm. A magnetron sputtering equip-
ment with middle-frequency sputtering powers was applied.
The inside substrate holder could move back and forth along
the short transverse direction of the target to keep the
homogeneity of the as-sputtered ﬁlm. By adjusting the sput-
tering time and current of the CIGS target, as-deposited CIGS
ﬁlms with different thicknesses could be obtained. Before
deposition of all ﬁlms, soda-lime glass substrates were ultra-
sonically cleaned sequentially in NaOH solution, HNO3
solution and deionized water, and then were blow-dried in
nitrogen. The as-sputtered CIGS ﬁlms were annealed under
vacuum and Se-containing atmosphere. The annealing tem-
perature and time were set at 550 1C and 60 min, respectively.
After the CIGS ﬁlms deposited on Mo coated soda-lime glass
were annealed under Se-containing atmosphere, The following
sequential processes were carried out to complete solar cells with
Mo/CIGS/CdS/i-ZnO/ZnO:Al/Al grid stack structure without
antireﬂective ﬁlm. About 60 nm thickness of CdS ﬁlm was
deposited by chemical bath deposition (CBD) using CdSO4,
thiourea, and ammonia. The i-ZnO/ZnO:Al bilayer with total
thickness of 500 nm was sputtering-deposited by mid-frequency
magnetron sputtering. Finally, an Al metal grid was deposited
through an aperture mask. An active cell area of 0.755 cm2
was deﬁned by mechanical scribing along the edge of the
Al grid.
Crystalline structure of the samples were measured by X-ray
diffraction (XRD) on a D/max-RB diffractometer (Rigaku)
using CuKa radiation (0.1541 nm). The surface morphologies of
the ﬁlms were obtained by a thermal ﬁeld emission scanning
electron microscope (SEM, LEO-1530). The compositions of the
ﬁlms were tested by X-ray ﬂuorescence (XRF, LAB CENTER
XRF-1800). Atomic force microscope (AFM) measurements
were performed with an Agilent 5100 AFM/SPM in the tapping
mode. The depth proﬁling was done by Auger electron spectro-
scopy (AES) using the ULVAC model 700. The current–voltage
measurements of thin ﬁlm solar cells were obtained under a
simulated illumination which was calibrated to a light intensity
of 100 mW cm2.3. Results and discussion
Fig. 1 shows the X-ray diffraction patterns of the as-sputtered and
annealed CIGS ﬁlms under vacuum and Se-containing atmo-
sphere. All the samples have a basic chalcopyrite crystal structure
and show a preferred orientation of (112) according to JCPDS
card no. 35-1102, with chemical formula CuGa0.3In0.7Se2. The
CIGS absorber material is based on CuInSe2. Gallium is added to
obtain CIGS with a wider bandgap; accordingly, the lattice
parameters change. In Fig. 1, the positions of the main peaks
match with JCPDS card no. 35-1102 with high precision,
indicating that the composition of the ﬁlms should be almost
the same as the target with Cu:In:Ga:Se¼25:17.5:7.5:50 at%.
Other secondary phases could not be found from the XRD
patterns. It can be seen that the (112) peak of the as-sputtered
sample is much weaker than the other two samples. It is attributed
to the low crystallinity of the as-sputtered ﬁlm. During deposition,
the migration energy of sputtered atoms was limited, new
nucleation continuously produced, leading to low grain size. The
as-sputtered ﬁlm tends to exhibit thin ﬁbrous features along the
depth direction, which could be conﬁrmed by the cross-section
SEM micrographs of the as-sputtered ﬁlm in Fig. 2(a and d).
When the as-sputtered ﬁlm was subjected to the annealing
treatment, the XRD diffraction peak intensity of the (112) plane
of the ﬁlm improved noticeably, which may be attributed to the
crystallization quality and grain growth.
In order to numerically characterize the crystallinity
change, the full width at half maximum (FWHM) of (112)
peaks of the CIGS ﬁlms were calculated. Table 1 shows the
FWHM and composition of the prepared CIGS thin ﬁlms.
The sample annealed under Se-containing atmosphere has the
best crystallinity compared with other samples. It could be
explained that under the Se-containing atmosphere, the diffu-
sion of atoms, especially Se atoms, enhance signiﬁcantly,
resulting in grain growth. The composition results also show
that the ﬁlm annealed under vacuum has a loss of a portion of
Se which decreased from 49.23 at% to 42.84 at%, while
annealing under the Se-containing atmosphere results in an
increase of composition of Se from 49.23 at% to 50.70 at%.
However, the relative ratios of Cu/(InþGa) and Ga/(InþGa)
Table 1 FWHM of (112) peaks and composition of the prepared CIGS thin ﬁlms.
Sample FWHM
(deg.)
Cu
(at%)
In
(at%)
Ga
(at%)
Se
(at%)
Cu/
(InþGa)
Ga/
(InþGa)
(a) As-sputtered ﬁlm 0.536 25.65 17.97 7.15 49.23 1.021 0.285
(b) Annealed ﬁlm under vacuum 0.199 28.63 20.02 8.51 42.84 1.004 0.298
(c) Annealed ﬁlm under Se-containing
atmosphere
0.150 24.83 17.30 7.16 50.70 1.015 0.293
Fig. 2 Surface and cross-section SEM micrographs of CIGS thin ﬁlms: (a, d) as-sputtered ﬁlm, (b, e) annealed ﬁlm under vacuum, and
(c, f) annealed ﬁlm under Se-containing atmosphere.
Fig. 3 AFM images of CIGS thin ﬁlms: (a) as-sputtered ﬁlm, (b) annealed ﬁlm under vacuum, and (c) annealed ﬁlm under Se-containing
atmosphere.
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Cu(In,Ga)Se2 quaternary target considering a percentage
deviation of less than 3%. It could be attributed to the natural
high vapor pressure of Se. When annealing at high tempera-
ture in a Se-rich environment, compositional Se of the CIGS
ﬁlm would get supplemented. Otherwise, Se would tend to
escape.Fig. 2 shows the surface and cross-sectional SEM micro-
graphs of the as-sputtered ﬁlm and the annealed ﬁlms under
vacuum and Se-containing atmosphere. The crystallinity
changes could be perceptibly found. After annealing under
vacuum, the texture of the CIGS ﬁlm transformed from thin
ﬁbrous feature to equiaxial grain structure, and the improve-
ment in grain size was limited. However, when the CIGS ﬁlm
J. Liu et al.136was subject to annealing under Se-containing atmosphere, the
grain size of the ﬁlm improved greatly. The average grain size
of the ﬁlm could be estimated to be over 500 nm from the
surface morphology (Fig. 2c). It should also be pointed out
that the grain size distributes uniformly along the depth
direction, which is different from the selenization process of
the metallic precursor, where there is always a small grain
region adjacent to the Mo electrode [19–21]. Fig. 3(a–c) are the
AFM images of the as-sputtered ﬁlm, the annealed ﬁlm under
vacuum and the annealed ﬁlm under Se-containing atmo-
sphere. The root mean square (rms) roughness in Fig. 3(a–c)
are 12.8 nm, 15.9 nm and 34.9 nm. It could be found that the
changing regularity of rms roughness was similar to that of
crystallinity. However, all the CIGS ﬁlms still exhibit a
smooth surface with rms roughness of less than 50 nm.
Smooth ﬁlms could lower the number of interface states
between the absorber layer and the window layer in the
device, thereby lowering the dark current and reducing the
density of interface states, which is essential for fabricating a
high-quality solar cell [22].8 100 2 4 6 12 14
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Fig. 4 Typical AES depth proﬁle of the CIGS thin ﬁlm annealed
under Se-containing atmosphere.
Fig. 5 Photovoltaic parameters of CIGS solar cAuger electron spectrometry (AES) provides a composi-
tional depth analysis of the CIGS thin ﬁlms using an ion
sputtering gun. In the case of the as-sputtered CIGS ﬁlm, no
compositional variation in depth proﬁle was deservedly
observed. Fig. 4 shows the In, Ga, Cu, Se and O atomic
concentrations as functions of the sputtering time of the ion
beam (i.e., sputtering depth) in the CIGS ﬁlm annealed under
Se-containing atmosphere. The top and bottom interfaces of
the CIGS absorber could be deﬁned according to the variation
of O concentration. The surface of the CIGS sample exposed
to the air could unavoidably absorb some oxygen, which could
be detected in ex-situ measurement. Below the surface of the
CIGS ﬁlms, the In, Ga, Cu and Se concentrations still almost
remained constant as a function of ion sputtering time. This
observation supports the XRD result presented in Fig. 1,
indicating a uniform, single-phase CIGS ﬁlm. In the two-stage
process involving metallic precursor and selenization, Ga
always diffuses to accumulate at the Mo/CIGS interface when
the Mo/Cu–In–Ga metallic precursor was selenized [23–25],
which is explained by the formation of CuInSe2 occuring
faster than the formation of CuGaSe2 [26–28]. However, in
this case, the diffusion of In and Ga was suppressed greatly
when In and Ga had bonded with Se. Therefore, graded-
bandgap CIGS absorber may be produced by controlling the
sequence of sputtering ternary CuInSe2 and CuGaSe2 targets,
which would be conducted in future work in our lab.
The ultimate aims of preparation of CIGS ﬁlms were for
application of CIGS solar cells, and the quality of CIGS layers
should be judged by the performance of the solar cell.
According to the baseline processes in the above experimental
section mentioned, CIGS solar cells with a SLG/Mo/CIGS/
CdS/i-ZnO/ZnO:Al/Al grid stack structure were fabricated.
Based on the as-deposited CIGS ﬁlm and the CIGS ﬁlm
annealed under vacuum, no good current–voltage curves of
cells were obtained due to the low crystallinity and high
composition deviation, respectively. Fig. 5 shows photovoltaic
parameters of CIGS solar cells with three different absorber
thicknesses. The absorbers were fabricated by annealing the
as-sputtered CIGS ﬁlms under Se-containing atmosphere,
whose sputtering times were 45 min, 60 min and 75 min. The
absorber thicknesses were estimated to be from 0.9 mm to
1.5 mm. Fig. 5(a) indicates that the open-circuit voltage (Voc)ells with three different absorber thicknesses.
Preparation of Cu(In,Ga)Se2 thin ﬁlm by sputtering from Cu(In,Ga)Se2 quaternary target 137depends on the absorber thickness. After annealing, the grain
size of the CIGS absorber is still not large enough to cover the
entire cross-section, which is made up of several grains. That
may be the reason why Voc is not more than 500 mV. From
the statistics, the tendency that Voc increases with the increase
of the absorber thickness could be found. It is likely because of
an increase of shunt paths in the pn-junctions. Higher
absorber thickness means more grain boundaries, which could
increase the leakage current. In addition, during annealing,
volume expansion of CIGS ﬁlms occurred. Higher absorber
thickness tended to give rise to higher stress, which might
cause CIGS to bulge in some vulnerable places of ﬁlm. It is
supported that for a higher thickness absorber, more bulges
were easily found in our observation. Fig. 5(b) also shows the
short-circuit current density (Jsc) as a function of the sputter-
ing time of CIGS ﬁlms. The tendency of Jsc to increase with
the increase in the sputtering time is due to the higher
collection efﬁciency for higher thickness absorber. Especially
in the long-wavelength region of simulated illumination, the
absorption coefﬁcient is not high enough and needs a higher
thickness absorber to fully absorb [29]. The variation of ﬁll
factor (FF) with sputtering time is analogous to that ofFig. 6 The highest efﬁciency of CIGS solar cell whose absorber
was sputter-deposited for 60 min.
Fig. 7 SEM cross-section of CIGS solar cell with 9.65%
conversion efﬁciency.efﬁciency, as can be seen in Fig. 4(c and d). The best
efﬁciencies for 45 min, 60 min and 75 min are 9.13%, 9.65%
and 9.22%, respectively. The photovoltaic parameters shown
in Fig. 6 for a sputtering time of 60 min with an active area of
0.755 cm2 are as follows: Voc¼452.42 mV, Jsc¼32.16 mA
cm2 and FF¼66.32%. Fig. 7 also shows the SEM cross-
section of a CIGS solar cell with 9.65% conversion efﬁciency.4. Conclusions
A one-step sputtering process from a quaternary Cu(In,Ga)Se2
target has been developed to prepare CIGS ﬁlms. The
structure and composition of the as-sputtered and annealed
CIGS ﬁlms have been investigated. After annealing, single-
phase chalcopyrite CIGS ﬁlms with preferential orientation in
the (112) plane were still obtained, and the crystallinity of the
CIGS ﬁlms improved noticeably, as evidenced by XRD and
SEM results. The grain size and each component concentra-
tion of CIGS ﬁlms distribute uniformly through the entire
depth of the ﬁlm. Based on the CIGS ﬁlm annealed under
Se-containing atmosphere, CIGS solar cells with three differ-
ent absorber thicknesses were fabricated. From dozens of data
analyses of photovoltaic parameters, several tendencies were
summarized that Voc increased and Jsc decreased with the
increase of the absorber thickness. The best solar cell had an
open-circuit voltage Voc of 452.42 mV, a short-circuit current
density Jsc of 32.16 mA cm
2, a ﬁll factor of 66.32% and an
efﬁciency of 9.65%. Higher conversion efﬁciency is expected
by preparing graded absorber and employing a poor-Cu target
with Cu/(InþGa)E0.9.
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